Introduction
Reprogramming of the cell fate using defined transcription factors clearly showed genome plasticity of somatic cells. 1 Moreover, efficient protocols are available to guide the differentiation of induced pluripotent stem (iPS) cells and embryonic stem (ES) cells into different types of somatic cells. As a further development, protocols for the conversion (transdifferentiation) of one set of differentiated lineage-restricted cells directly into another were published. For instance, overexpression of different sets of transcription factors or microRNAs was shown to convert fibroblasts into macrophages, 2 cardiomyocytes, 3 neuronal cells, 4 ,5 blood cells, 6 and hepatocytes. 7 The principle of both, reprogramming of somatic cells to pluripotent state and direct conversion to specific cell types is similar and based on forced overexpression of defined master-genes (transcription factors and/or microRNAs), which activate downstream gene networks specific for a desired cell type. However, the mechanisms of these processes have not been completely studied yet.
Using generation of iPS cells as a model it was found that the reprogramming process is generally slow, inefficient, and is based on a stochastic model, but could be improved by expression of additional transcription factors or supplementation with small molecular substances. 8, 9 Wide scale epigenetic changes, such as X chromosome reactivation and changes in histone modification and genome methylation pattern are required to establish and consolidate the pluripotent state of reprogrammed cells. 10 These global epigenetic changes are usually associated with cell cycle progression, 11 leading to the hypothesis that acceleration of cell divisions favors faster reprogramming. Indeed, upregulation of genes responsible for cell cycle progression, such as cMyc, or knockdown of cell cycle regulators (e.g, p53) facilitates reprogramming. 12, 13 Moreover, it was shown that reprogramming to pluripotent state consists of two independent components, one responsible for the gain of pluripotent properties and another for activation of cell cycle progression 8 . When quiescent cells, such a post-mitotic neurons, are used as a source for iPS cells generation, additional factors are required to obtain stem-like cells. 14 Thus, cell divisions play a key role in reprogramming of cells to pluripotent state.
The situation is different when one set of differentiated cells is converted into another.
First, the scale of epigenetic changes required for the direct conversion depends on the original and desired cell types and usually is less than in the case of iPS cells generation. In addition, the transdifferentiation process occurs fast and efficient and could even result in nearly 100%
conversion rates in some cases. 15 Second, in contrast to stem cells, which require active proliferation to maintain their properties, differentiated cells could exit the cell cycle and stay in G0 phase. It was already shown that conversion between closely related cell types such as Bcells and macrophages or astroglia and neuronal cells could occur in the absence of cell divisions. 16, 17 Moreover, reprogramming of mouse fibroblasts into neuronal cells generally occurs with a maximum of one cell division. 4, 18 However, whether cell divisions is a limiting factor for the conversion of distinct cell types has not been yet investigated. Here we used transdifferentiation of mouse embryonic fibroblasts (MEFs) into neuronal cells by forced expression of defined transcription factors as a model system to study the role of cellular division in the direct conversion process. We also exploit this system to investigate effects of the cell cycle activator cMyc on the efficiency of transdifferentiation.
Results

Direct conversion of fibroblasts into neurons provides a useful system to study the role of cell division in the transdifferentiation process
Cells of many types actively proliferate when cultured in vitro. If cell cycle progression is inhibited, these cells might undergo differentiation 19 or apoptosis. 20 Thus, it might be complicated to distinguish between effects of cell cycle arrest on the transdifferentiation process and effects of cell cycle arrest on the subsequent culture of obtained cells. To overcome this limitation we decided to use direct conversion of somatic cells into quiescent postmitotic neurons as a model system.
We used lentiviral transduction with 3 transcription factors (Brn2, Ascl1 and Myt1l, BAM) under the control of a DOX-inducible promoter to convert mouse embryonic fibroblasts into neurons (Fig. 1A) . 4 We assessed the dynamics of activation of neuronal markers, beta-III tubulin (Tuj1) and neurofilament 200 (NF200), during the transdifferentiation process. First
Tuj1-positive cells appeared in culture at day 5 after viral transduction (Fig. 1B) . The number of Importantly, we did not find any Tuj1-or NF200-positive cells in not transfected control cells at any time point (data not shown).
We also accessed the kinetics of activation of another neuronal marker, MAP2 during transdifferentiation (Fig. 1C) . The first MAP2-positive cells appeared between day 5 and 7 and were detected at subsequent time points. We noted that, similarly to NF200, the MAP2 signal was highly overlapping with the Tuj1 signal.
We found that the fibroblast marker, collagen-1, was down regulated in Tuj1-positive cells as early as 5 days after transduction (data not shown). In addition, 19 days after transduction we found cells expressing collagen-1 or NF200, but not both of them together (Fig.   1D ). Overall, these results show rapid conversion of fibroblasts into neuronal cells by defined transcription factors.
Transdifferentiation does not require cell divisions
We used aphidicolin (reversible inhibitor of DNA polymerase α) or mimosine (reversible inhibitor of DNA replication via a decrease in cellular dNTP concentrations) to study the role of cellular division in the process of direct conversion of fibroblasts to neuronal cells. Using the bromodeoxyuridine (BrdU) incorporation assay as an indicator of cellular divisions, we first assessed the efficiency of the aforementioned substances as cell cycle inhibiting agents in fibroblast cells ( Fig. 2A) . We found that 24 hs incubation of fibroblasts in BrdU-containing medium resulted in almost no BrdU-positive cells in the presence of aphidicoline or mimosine (number of BrdU-positive cells was <0.1%), whereas among non-treated fibroblasts up to 60%
of cells were BrdU-positive.
We have shown before (Fig. 1B) that activation of the neuronal markers, NF200 and Tuj1, could be detected in fibroblasts earliest 9-10 days after viral transduction. We cultivated MEF cells in the presence of aphidicolin or mimosine for 2, 4, 6, 8 or 10 days in the N2B27 medium (medium used during transdifferentiation) and quantified the number of survived cells to investigate the toxic effect of these cytostatics (Fig. 2B ). We observed a gradual decrease of cell viability when fibroblasts were cultured in the presence of aphidicolin. In case of mimosine the gradual decrease of viability observed during the first 4 days of culture was followed by a sharp drop at day 6 resulting in almost no cells survived at day 10. Interestingly, we observed a slight decrease of proliferative activity of control MEF starting from day 2-4, probably due to contact inhibition and cultivation in serum-free N2B27 medium (Fig. 2B ).
We then employed aphidicolin to prevent cell divisions during the transdifferentiation process. MEFs were transduced with BAM viruses and cultured in the presence of DOX and aphidicolin ( Fig. 2C ). Starting from day 2-4, we observed a massive cell death, most probably due to the toxic effect of aphidicolin. Immunocytochemical analysis of survived cells showed the Tuj1 and MAP2 activation in cells treated with aphidicolin ( Fig. 2D ). We were able to detect first Tuj1/MAP2 double-positive cells as early as at day 5 ( Fig. 2D ), indicating that conversion of fibroblasts into Tuj1/MAP2 double-positive cells may occur without cell divisions. Moreover, we were able to detect rare Tuj1/NF200 double-positive cells with neuronal-like morphology among survived cells at day 10 ( Fig. 2E) . Consistent with this, upregulation of Tuj1 and synapsin was observed in neurons treated with aphidicolin (Fig. 2F) . Importantly, expression of the mature neuron marker synapsin at day 11 was more than 80 times higher in transduced cells treated with aphidicolin than in not transduced cells.
The highly variable rates of cell death prevented the comparison of transdifferentiation efficiencies between neuronal cells obtained in the presence and absence of aphidicolin. To improve the efficiency of our experimental system we decided to apply inhibitors only for a short period of time. Considering the rapid decrease of cell viability after 4-6 days of incubation with cytostatics, we decided to perform treatment of MEFs with aphidicolin or mimosine only during the first 3-5 days after viral transduction followed by incubation in cytostatics-free medium during the subsequent 5-7 days. Using this strategy, we were able to improve cell viability and obtained many survived cells at day 11 after transduction with BAM viruses. Some of these cells showed typical neuronal morphology and were positive for the expression of the neuronal markers, Tuj1 and NF200 (data not shown). To exclude the possibility that these cells underwent cell divisions during the last 5-7 days when they were incubated in cytostatics-free medium we repeated the experiment supplementing the culture medium with BrdU (Fig. 3A) . Taking in consideration that DOX-inducible genes require 12-24 hs to reach high expression levels 21 and to avoid detection of cells that were in the S-phase at the beginning of the experiment we started the BrdU treatment 12 hours after the addition of the inhibitors. Starting from this time point cell culture medium was continuously supplemented with BrdU. 11 days after viral transduction we detected some NF200/Tuj1 double-positive neuronal cells, which incorporated BrdU, indicating that the transdifferentiation process of these cells was accompanied with cell divisions. However more than 70% of Tuj1/NF200 double-positive cells observed in culture were BrdU-negative, indicating a division-free transdifferentiation process (Fig. 3B, C) . We did not observe significant differences between the numbers of BrdU-negative neuronal cells obtained using aphidicolin and mimosine, suggesting that inhibitor-specific effects (such as binding of the DNA-polymerase in case of aphidicolin or reduction in cellular dNTP concentrations in case of mimosine) do not influence the transdifferentiation process (Fig. 3B) . The identification of BrdU-negative Tuj1/NF200 double-positive neuron-like cells suggests a direct conversion of fibroblasts into neuronal cells in the absence of cell divisions.
Aphidicolin blocks conversion of fibroblasts to iPS cells
To check whether iPS cells could be generated from quiescent fibroblasts, we used OG2
MEFs carrying GFP under promoter of Oct4. 22 We treated OG2 MEFs with lentiviral vectors carrying DOX-inducible Oct4, Sox2, cMyc and Klf4 factors (OKSM) and reversed transactivator and cultured cells for 8 days in the presence of DOX and aphidicolin and then 3 more weeks in aphidicolin-free medium without DOX. During the experiment, the cells were routinely monitored for the activation of the Oct4::GFP reporter, however no GFP-positive cells were observed. In contrast, control MEFs cultured in similar conditions but without aphidicolin produced a number of GFP-positive colonies at days 10-15 after infection (Fig. 4A) . The efficiency of colony formation was estimated as ~0,01%. Most of the colonies grew rapidly, maintained expression of GFP and showed a phenotype similar to the phenotype of ES cells during subsequent cultivation (Fig. 4B ). To check whether the effect of aphidicolin on iPS cell generation is due to block of cell proliferation and not cytotoxicity, we cultured generated iPS cells in presence of aphidicolin for 2-6 days. Starting from day 3, we observed significant cell death and almost all cells died at day 6. Thus, we can conclude that the presence of aphidicolin prevents generation of iPS cells from MEFs. However, it is not clear whether this effect of aphidicolin reflects the inability of quiescent fibroblasts to become iPS cells or cytotoxicity of aphidicolin on generated iPS cells.
Forced expression of cMyc negatively influences the transdifferentiation process
We next investigated how cell cycle activation affects the transdifferentiation process.
Consistent with previously published data, 23 GFP at day 14 after DOX addition. We observed no significant changes (P-value = 0.28) between cells treated with cMyc or GFP at day 28 after DOX addition, indicating that cMyc affects the process of transdifferentiation, but not the survival of the obtained neurons.
Discussion
Here we have shown that the direct conversion of fibroblasts into neuronal cells is possible without cell divisions. This observation is in agreement with the finding that astroglia cells could be converted to neurons without cell divisions. 16 In addition, it was recently shown that conversion of preB-cells to macrophages does not require cell divisions. 17 However, in both studies transdifferentiation occurs between closely related cell types and at least in case of the preB-cells to macrophages conversion takes place in the absence of significant DNA methylation changes. 24 Our data indicates that cell division is not a sine qua non also for more distinct cell types, such as fibroblasts and neurons.
During development the process of DNA replication remodels chromatin structure and allows access to previously inactive regulatory domains, thereby changing the expression patterns of specific genes in dividing cells. 11 It is still unclear to what extent chromatin remodeling could occur without cell divisions. Experiments with hybrid cells conducted by Blau et al. 25 suggested the possibility of broad epigenetic changes at a quiescent heterokaryon stage.
In agreement with this, we 26 and others 27 have shown that the molecular changes that determine the success and direction (or dominance) of reprogramming occur during the first hours after cell fusion, even before the first cell division.
On the other hand, experiments conducted with both hybrid and iPS cells show that the newly acquired gene expression profiles of reprogrammed cells should be fixed over a number of cell divisions. 28, 29 Recently, Lahn and colleagues proposed the classification of genes in two categories. Genes of the first category are trans-silenced and could be activated by exogenous transcription factors without cell division. Genes of the second category are cis-silenced and require cell cycle progression for their activation. 27 In our experiments, we identified an activation of neuronal markers, NF200, MAP2 and Tuj1, in quiescent fibroblasts transduced with defined transcription factors. However, it might be that cell divisions are required for the activation of cis-silenced genes.
The successful conversion of fibroblasts into neuronal cells in the absence of cell divisions encouraged us to investigate the effect of the cell cycle activation on the efficiency of the transdifferentiation process. We demonstrated that ectopic expression of cMyc decreases the yield of neurons, indicating that active cell cycle progression blocks the transdifferentiation process. In contrast, a positive effect of proliferation activators has been shown in iPS cell generation experiments. 8, 30 This difference in the cMyc effects might be due to different regulation of the neuronal and pluripotent cell cycles. Active proliferation is required for maintaining the pluripotency of ES cells, 31 whereas cell cycle exit plays a major role in neural cell specification and differentiation. 32 Consistently, the reprogramming of neurons to iPS cells could be achieved only after forced cell proliferation by p53 suppression.
12,13
On the other hand, it is not excluded that cMyc affects the transdifferentiation efficiency not only as a cell cycle activator. For instance, it was shown that cMyc blocks myogenic differentiation and this effect of cMyc does not depend on the process of cell transformation.
33,34
Thus, we can conclude that expression of cMyc negatively influences the process of direct conversion, but the detailed mechanisms of this phenomenon remain to be elucidated.
Altogether, our results indicate that cell cycle adjustment may be essential during the conversion process; however, proliferation itself is not required for the switch between cell types.
Materials and methods
Plasmids and lentiviruses
To convert mouse embryonic fibroblasts (MEFs) into neuronal cells or iPS cells lentiviruses, encoding Ascl1, Brn2, Myth1l, M2RTta, cMyc or single polycistronic cassette carrying Oct4, Sox2, cMyc and Klf4 (OKSM) factors were generated. 293T cells were transfected with envelope-encoding pMD2G (5 mg), packaging pCMV-dR8.74PAX2 (5 mg), and either Ascl1 (Addgene #27150), Brn2 (Addgene #27151), Myt1l (Addgene #27152), M2RTta (Addgene #20342), cMyc 35 or OKSM (Addgene #20328)-encoding LVTHM-based plasmids (20 mg) by the calcium-phosphate method. Lentiviruses were collected from the cell culture supernatant and processed as described elsewhere.
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Fibroblast isolation and viral transduction
Unless specified, all cell culture products were from Invitrogen (Darmstadt, Germany).
MEFs were routinely maintained in high glucose DMEM supplemented with 10% FBS (SigmaAldrich, St. Louis, MO), 100 U/ml penicillin, 100 µg/ml streptomycin, 2 mM L-glutamine, 1x
non-essential amino acids, 50 µM β-mercaptoethanol (MEF medium). To isolate MEFs naturally mated NMRI (Charles River, Germany), ISR (ICG, Novosibirsk) or OG2 22 iPS cells were generated from OG2 MEFs as described elsewhere. 35 Briefly, 10 5 OG2
Synthesis kit (Thermo Scientific). Quantitative RT-PCR analysis was performed in triplicate using 1/10 of the reverse transcription reaction in an StepOnePlus™ Real-Time PCR System (Applied Biosystems®) with SYBR Green I qPCR mix (Syntol). PCR primer sequences are available on request.
Statisctical analysis
The total number of Tuj1-positive cells with a neuronal morphology, defined as cells having a circular, three-dimensional appearance that extend thin processes at least three times longer than their cell body, was quantified in ×20 visual fields. The total number of cells in 
